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ABSTRACT
Three-dimensional compressible Direct Numerical Simulations (DNS) have been
used to investigate the localised forced ignition of statistically planar mixing layers
of biogas/air mixtures for different levels of turbulence intensity and biogas compo-
sition. The biogas is represented by a CH4/CO2 mixture and a two-step mechanism
involving incomplete oxidation of CH4 to CO and H2O, and an equilibrium between
the CO oxidation and the CO2 dissociation has been used. This two-step mechanism
captures the variation of the unstrained laminar flame speed with equivalence ratio
and CO2 dilution with sufficient accuracy when compared with detailed chemistry
results. A successful ignition of CH4/CO2/air mixing layer initially gives rise to a tri-
brachial flame structure involving fuel-rich and lean premixed branches on either side
of the diffusion flame stabilised on the stoichiometric mixture fraction iso-surface.
Long after the energy deposition has ended, the lean branch may merge with the
diffusion flame, but edge flame propagation along the stoichiometric mixture frac-
tion iso-surface is observed at all stages. The highest heat release rate (HRR) is
obtained on the rich premixed branch irrespective of the turbulence intensity and
biogas composition, but its magnitude decreases with increasing CO2 dilution. The
most probable edge flame displacement speed decreases in time and converges to
its theoretical value for laminar cases. As the turbulence level increases, the edge
flame displacement speed assumes a larger range of values, although its mean is
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consistently lower than the corresponding laminar one. Furthermore, in the turbu-
lent cases, the probability of finding negative values of the edge flame displacement
speed has been found to be non-zero. This probability is larger than the one of
finding positive values for the cases failing to reach a self-sustained flame propaga-
tion without the energy deposition assistance. This becomes more probable as the
turbulence intensity and CO2 dilution increase. This is reflected in the diminished
burning extent, quantified in terms of burned gas volume, with increasing turbulence
intensity and CO2 dilution.
KEYWORDS
Localised forced ignition, inhomogeneous mixtures, edge flame, turbulence
intensity, biogas
1. Introduction
Fossil fuel combustion provides most of the primary energy required for power genera-
tion and transportation, and will likely remain predominant in the foreseeable future.
Engineering applications requiring high energy density (e.g. aircraft propulsion) will
remain the main users of these fuels, and although the percentage share of energy gen-
eration due to fossil fuels is expected to decrease, its absolute usage is expected to rise.
However, the fossil fuel reserves in the world are finite which calls for its replacement
with alternative renewable sources. Biogas can be considered as a carbon neutral fuel
when originating from the anaerobic digestion of organic matter by living organisms.
It is widely accepted as a sustainable fuel and can be used either as a complement
or a replacement. It also is easily stored and distributed through the existing natural
gas infrastructure as well as used in similar applications, such as power generation
and within the transport sector (Holm-Nielsen et al., 2009). Its major components
are methane and CO2, but it is not an easy task to ensure its production with a
fixed composition due to its biological origin (Vasavan et al., 2018). If the composition
variations are large enough to affect the ignition, this may ultimately lead to adverse
effects on the subsequent flame propagation (Lieuwen et al., 2008).
As perfect mixing is difficult to achieve in practice, combustion might take place
in inhomogeneous mixtures. Thus, the forced ignition of inhomogeneous mixtures has
applications in gas turbine relight in the aerospace industry and in direct-injection
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engines in the automotive industry. It was extensively studied experimentally by Ballal
and Lefebvre (1975, 1979, 1981) where empirical correlations for the minimum ignition
energy and critical radius for successful spark ignition were proposed. It was also shown
that an increase in turbulence intensity adversely affected the ignition event. A number
of other experimental studies concentrated on the localised ignition of turbulent non-
premixed jets and shearless mixing layers (Ahmed and Mastorakos, 2006, 2010, 2016;
Birch et al., 1981) and similarly showed the detrimental effect of turbulence intensity
on the ignition success.
Over the last decade, Direct Numerical Simulation (DNS) has greatly contributed
to the fundamental understanding and subsequent modelling of the complex phenom-
ena encountered in combustion. A number of numerical studies have focused on the
structure of edge flames and flame propagation following the localised forced igni-
tion of laminar inhomogeneous mixtures (Hilbert and Thevenin, 2002; Im and Chen,
1999; Ray et al., 2001). Three-dimensional simple-chemistry DNS has also been used
to analyse the influences of turbulence intensity, mixture fraction gradients and fuel
Lewis number on the ignition success and the subsequent self-sustained combustion
(Chakraborty and Mastorakos, 2006, 2008; Chakraborty et al., 2007; Hesse et al.,
2009). It was shown that an increase of the turbulence intensity for a given length scale
of turbulence has a detrimental effect on the success of the ignition of inhomogeneous
mixtures. This has also been shown recently by Patel and Chakraborty (2014, 2016b)
for stratified mixtures where initial bi-modal distributions of the equivalence ratio
were used. The effects of the fluid-dynamic straining on the forced ignition of laminar
inhomogeneous mixtures based on detailed chemistry (Im and Chen, 2001; Richard-
son et al., 2007; Richardson and Mastorakos, 2007; Yoo and Im, 2005) are found to be
qualitatively similar to those reported for turbulent straining in the context of simple
chemistry (Chakraborty and Mastorakos, 2008; Chakraborty et al., 2007). The scalar
dissipation rate of mixture fraction has been shown to have a detrimental effect on the
edge flame displacement speed and fuel reaction rate and thus impede the flame kernel
growth rate (Im and Chen, 2001; Pantano, 2004). Interested readers are referred to
Mastorakos (2009, 2017) for an extensive review of the different studies undertaken on
the different aspects of ignition for both homogeneous and inhomogeneous mixtures.
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However, to the best of the authors knowledge, the aforementioned numerical studies
have mostly considered fuels such as methane, hydrogen, etc. but not compound fuels
such as biogas. Thus, the uncertain combustion behaviours arising from the interaction
of various amount of methane and CO2 on the ignition process are yet to be analysed
in details. The current analysis aims at addressing this gap in the existing literature.
Experimental studies of forced ignition of biogas/air mixtures reported that the
carbon dioxide content, that can be quite large (5 − 40% by volume), acts as a heat
sink leading to higher energy requirement for ignition as well as a slower and cooler
flame (Biet et al., 2014; Forsich et al., 2004; Galmiche et al., 2011). Mulla et al. (2016)
reported similar conclusions for the laser ignition of methane/air diluted with CO2.
This can thus hinder the flame kernel formation and potentially lead to extinction
(lean blow-out) as reported by Mordaunt and Pierce (2014) for biogas/air fueled gas
turbines. Lafay et al. (2007) also showed a large modification of the reaction zone
structure and flame stability with the addition of CO2 in a gas turbine configuration.
In this work, three-dimensional compressible DNS have been carried out in or-
der to investigate further the influence of turbulence intensity and CO2 dilution on
the localised forced ignition of inhomogeneous CH4/CO2/air mixing layers. The ef-
fect of CO2 dilution on the reaction kinetics is accounted for by using a two-step
chemical mechanism (Bibrzycki and Poinsot, 2010; Selle et al., 2004; Westbrook and
Dryer, 1981), involving the incomplete combustion of CH4 in CO and H2O and an
equilibrium between the oxidation of CO and the dissociation of CO2. A systematic
parametric study has been carried out across a range of turbulence intensities, mixing
layer thicknesses and biogas compositions to investigate their effects on the ignition
and subsequent flame propagation in inhomogeneous mixtures. The objectives of this
work are thus to understand the effects of dilution with CO2 and turbulence intensity
on (1) the overall success or failure of ignition, (2) the flame structure arising from
the combustion of biogas in the case of successful ignition and (3) the statistics of the
reaction zone and the flame propagation in such flames.
In the following two sections, the mathematical background and numerical imple-
mentation will be presented. Subsequently, the ignition outcome, temporal evolution,
flame structure and reaction zone statistics will be presented and discussed. Finally,
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the main findings will be summarised in the last section of this paper.
2. Mathematical background
To account for the presence of carbon dioxide in the biogas, the single-step chemistry
used in previous studies on the forced ignition of mixing layers (Chakraborty and
Mastorakos, 2006, 2008; Chakraborty et al., 2007) cannot be applied to the current
analysis. The two-step chemical mechanism of Westbrook and Dryer (1981) has been
utilised instead. It accounts for the presence of 6 species, namely CH4, O2, CO2, H2O,
CO and N2 and represents an intermediate step towards more complex chemistry
(typically 4-step schemes such as Jones and Lindstedt (1988) or large mechanisms
such as GRI-Mech 3.0 (Smith et al., 2000)). It is listed in the form of three steps (see
Table 1), in which the first step is responsible for the fuel oxidation, while the second
and third account for the equilibrium between the oxidation of the carbon monoxide
and the dissociation of the carbon dioxide. The rate constants are expressed using an
Arrhenius equation as follows,
kj = Aj Tˆ
βj exp
(
−Ea,j
RTˆ
)
, (1)
where Aj is the pre-exponential constant, βj is the temperature exponent, Ea,j is the
activation energy of the reaction (Poinsot and Veynante, 2005) and Tˆ is the dimen-
sional temperature. The reaction progress rates are then estimated by,
Qj = kj
N∏
l=1
[Xl]
nlj , (2)
where N is the number of species involved in the j−th reaction and nlj is the stoichio-
metric coefficient of species l in reaction j. The coefficients retained for this study are
detailed in Table 1 and follow those proposed from the CERFACS 2s CM2 mechanism
(Bibrzycki and Poinsot, 2010; Selle et al., 2004).
Following previous investigation of localised forced ignition (Baum and Poinsot,
1995; Chakraborty and Mastorakos, 2006; Chakraborty et al., 2007; Patel and
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A (cgs) β (cgs) Ea (cal/mol)
CH4 + 1.5 O2 ⇒ CO + 2 H2O 2.00× 1015 0.0 35.0× 103
nCH4 = 0.9, nO2 = 1.1
CO + 0.5 O2 ⇒ CO2 2.00× 109 0.0 12.0× 103
CO2 ⇒ CO + 0.5 O2 8.11× 1010 0.0 77.194× 103
Table 1. Reaction rate constants for the two-step chemical mechanism of Westbrook and Dryer (1981) with
the coefficients of Bibrzycki and Poinsot (2010)
Chakraborty, 2015, 2016a), several assumptions are made in this work. All the species
are considered as calorically perfect gases with equal heat capacities at constant pres-
sure. The species diffusion velocity is accounted for by using Fick’s law of diffusion
where the transport properties such as viscosity (µ), thermal conductivity (λ) and
density weighted mass diffusivity (ρD) are similar and independent of temperature for
all species. Furthermore, the Lewis number of all species is assumed to be unity.
Figure 1 presents the unstrained laminar burning velocity as a function of the equiv-
alence ratio for a methane/air flame and compares the current results obtained with
the DNS code Senga+ used in this work (for more details about the code, see next
section) with the results computed by Cantera (Goodwin et al., 2018) with both the
full GRI-Mech 3.0 (Smith et al., 2000) and the 2s CM2 (Bibrzycki and Poinsot, 2010;
Selle et al., 2004) mechanisms. For lean mixtures, the trend predicted by the 2s CM2
mechanism agrees well with the GRI-Mech 3.0 solution, although Senga+ slightly
under-predicts the flame speed, which can be attributed to the assumptions made
regarding the transport coefficients and heat capacities. For richer mixtures, the two-
step mechanism (2s CM2) does not account for the flame speed decrease with the
equivalence ratio predicted by GRI-Mech 3.0. The burning velocity keeps increasing
until it reaches a maximum value at sl/s
0
l ≈ 1.33 (where sl is the unstrained laminar
burning velocity and s0l is the unstrained laminar burning velocity of the stoichiomet-
ric methane/air mixture) and φ ≈ 1.3. In order to accurately cover the whole CH4
flammability range (0.55 6 φ 6 1.55), the pre-exponential adjustment (PEA) suc-
cessfully applied by Bibrzycki and Poinsot (2010) is used here and tailored such that
the laminar flame speed obtained for rich mixtures closely matches the GRI-Mech 3.0
values. The result of this correction is also visible in Fig. 1.
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Figure 1. sl/s
0
l as a function of φ for CH4/air mixtures using the current implementation of the two-step
mechanism of Westbrook and Dryer (1981) with the coefficient taken from the 2s CM2 mechanism of Bibrzycki
and Poinsot (2010) compared with Cantera reference data
The combustion of biogas can be represented by the following global equation,
CH4 + 2 (O2 + 3.76N2) + aDiluent⇒ CO2 + 2H2O + 7.52N2 + aDiluent, (3)
where the diluent is taken as CO2 in this work. Following Galmiche et al. (2011), the
biogas composition is described using the dilution percentage ψ which represents the
molar fraction of the diluent in the unburned gases,
ψ =
a
a+ 1 + 2 + 7.52
=
a
a+ 10.52
. (4)
Figure 2 shows the laminar flame speed of a biogas/air mixture for different values
of the dilution percentage and equivalence ratio. The results are compared with the
experimental data of Galmiche et al. (2011) and Cantera data with both the GRI-
Mech 3.0 and 2s CM2 mechanisms. For all equivalence ratio values, the trend is well
captured by the two-step mechanism with a decrease in the flame speed as the dilu-
tion percentage increases. However, the flame speed is over-estimated by the two-step
mechanism compared to the experimental and numerical reference values for all values
of ψ, and this over-estimation increases with ψ.
The mixture composition is described in terms of the mixture fraction ξ defined
7
0.00 0.05 0.10 0.15 0.20 0.25
ψ
0.0
0.5
1.0
1.5
s0
,ψ l
/s
0 l
Exp. Galmiche et al.
GRI-3.0 (Cantera)
2s CM2 (Cantera)
2s CM2 PEA (Senga)
(a) Stoichiometric CH4/CO2/air mixtures
0.00 0.05 0.10 0.15 0.20 0.25
ψ
0.0
0.5
1.0
1.5
s l
/s
0 l
φ = 0.8 - GRI-3.0
φ = 0.8 - 2s CM2 PEA
φ = 1.0 - GRI-3.0
φ = 1.0 - 2s CM2 PEA
φ = 1.2 - GRI-3.0
φ = 1.2 - 2s CM2 PEA
(b) CH4/CO2/air mixtures with varying φ
Figure 2. (left) s0,ψl /s
0
l (where s
0,ψ
l is the unstrained laminar stoichiometric flame speed with dilution
parameter ψ) and (right) sl/s
0
l as a function of φ and ψ computed with Senga and compared with experimental
and numerical reference results
using Bilger’s definition (Bilger, 1980),
ξ =
β − βo
βf − βo , (5)
where β = 2YC/WC +YH/2WH −YO/WO with βo and βf being the values of β in the
oxidiser and fuel streams respectively, Yk and Wk denote the atomic mass fractions
and molecular weights. The stoichiometric mixture fraction value (ξst) is expressed as,
ξst = − βo
βf − βo . (6)
The extent of the chemical reactions completion can be measured by a reaction
progress variable c that increases monotonically from zero in the unburned mixture
to unity in the products. It may be defined as a function of the fuel mass fraction as
follows,
c =
Yf max(ξ)− Yf
Yf max(ξ)− Y Eqf
, (7)
where Yf max(ξ) = ξYf∞ is the maximum possible value of the fuel (CH4) mass fraction
for the mixture fraction value ξ, Yf and Yf∞ are the local and pure fuel stream fuel
mass fractions and Y Eqf is the local equilibrium fuel mass fraction that depends on the
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local mixture fraction. Note that the progress variable could also be defined in terms of
oxidiser mass fraction, and the results presented below remain valid and qualitatively
similar.
The effects of the localised forced ignition are accounted for by the addition of a
source term to the energy conservation equation, q′′′ taken to follow a Gaussian distri-
bution in the radial direction from the ignition centre (Chakraborty and Mastorakos,
2006, 2008; Chakraborty et al., 2007; Neophytou et al., 2010; Patel and Chakraborty,
2015, 2016a; Turquand d’Auzay et al., 2019; Va´zquez-Esp´ı and Lin˜a´n, 2001, 2002;
Wandel, 2014) and expressed as,
q′′′ = Asp exp
(−r2/2R2sp) , (8)
where r is the distance from the ignitor centre and Rsp is the characteristic width of
the energy deposition. The constant Asp is determined by a volume integration leading
to the total ignition power Q˙ given by,
Q˙ =
∫
V
q′′′ dV = aspρ0CpτT0
(
4
3
piδ3z
)[H(t)−H(t− tsp)
tsp
]
, (9)
where asp is a parameter determining the total energy deposited by the ignitor
(Chakraborty and Mastorakos, 2008; Neophytou et al., 2010; Patel and Chakraborty,
2014, 2015, 2016a; Turquand d’Auzay et al., 2019; Wandel, 2014), τ = (T 0ad − T0)/T0
is the heat release parameter (T0 and T
0
ad are the reactants and stoichiometric adia-
batic methane/air flame temperatures respectively), δz is the Zel’dovich thickness of
the stoichiometric methane/air premixed flame (δz = D0/s
0
l where D0 is the reac-
tants mass diffusivity) and H(t) and H(t − tsp) are Heaviside functions that ensure
that the ignitor is only active until t = tsp. The energy deposition duration tsp is ex-
pressed as tsp = bsptf where bsp is the energy deposition parameter and tf = δz/s
0
l is
a characteristic chemical time scale. The suggested range for optimal duration of en-
ergy deposition is 0.2 6 bsp 6 0.4 (Ballal and Lefebvre, 1977). For a shorter duration,
strong shock waves that dissipate energy can be formed, and for a longer one, the tem-
perature is wastefully dissipated outside of the energy deposition region. The details
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of the spark formation (momentum modification contribution, plasma and shock wave
formation) are not considered in this DNS database for the purposes of simplicity and
computational economy.
3. Direct Numerical Simulation database
The simulations have been carried out using the compressible three-dimensional DNS
code Senga+ (Chakraborty et al., 2007) in a domain of size 67δz × 67δz × 67δz or
9.25lt × 9.25lt × 9.25lt, where lt is the integral length scale. The domain is discretised
by a Cartesian grid of 360 × 360 × 360 cubic cells of uniform size ∆x, which ensures
10 grid points across the thermal stoichiometric methane/air flame thickness δth =(
T 0ad − T0
)
/max(|∇Tˆ |). It also ensures ηk/∆x > 1, where ηk is the Kolmogorov length
scale. The boundaries of the domain are periodic in the transverse directions (y and
z in this analysis) and partially non-reflecting in the streamwise direction (x). The
non-periodic boundary conditions are specified using the Navier-Stokes Characteristic
Boundary Conditions (NSCBC) technique (Sutherland and Kennedy, 2003). The code
employs a 10-th order central difference scheme for the internal points that gradually
decreases to a one-sided 2nd-order scheme at the non-periodic boundaries for the spatial
differentiation. The time advancement is carried out using a 3rd-order low-storage
Runge-Kutta scheme (Wray, 1990).
In the present study, the oxidiser mass fraction in air is constant at YO2∞ = 0.233.
The fuel mass fraction in the fuel stream and the stoichiometric mixture fraction are
both a function of the dilution percentage (ψ) and are listed in Table 2 for the different
values of ψ considered.
The mixing layer is initialised in the direction of inhomogeneity (x-direction in
this study) by imposing a mixture fraction profile consistent with the solution of the
unsteady one-dimensional diffusion equation (Mastorakos et al., 1997),
ξ =
ξ0
2
(
1− erf
(
x− x0
δθ
))
, (10)
where x0 is the location of the mid-point of the profile, ξ0 is the maximum value of
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the mixture fraction in the fuel stream and δθ is the characteristic width of the initial
profile. The values of δθ and ξ0 are parameters used to modify the initial value of the
scalar dissipation rate χ = 2D (∇ξ)2 (Peters, 2000). In the present study, the ratio
ξ0/ξst = 2 is kept constant, thus the maximum mixture fraction increases with the
dilution percentage. Additionally, x0 is kept constant at x0/L = 0.5, where L is the
domain length, indicating that the stoichiometric mixture location is initially always
positioned at x/L = 0.5, while the different values of δθ evaluated are listed in Table 2.
The initial profiles of fuel, diluent and oxidiser mass fractions are then given in terms
of the mixture fraction as,
YCH4 = YCH4∞ξ (11)
YCO2 = YCO2∞ξ (12)
YO2 = YO2∞ (1− ξ) (13)
where YCH4∞ varies with ψ (see Table 2) and YCO2∞ = 1− YCH4∞.
The resulting mixture is preheated to T0 = 590K (which corresponds to the temper-
ature at which the CO2 and N2 heat capacities are equal, and for higher temperatures
the heat capacities do not differ by more than 6%) leading to a heat release parameter
of τ = 3 when considering the stoichiometric methane/air adiabatic flame tempera-
ture. Standard values have also been chosen for the Prandtl number (Pr = 0.7) and
the ratio of specific heat (γ = 1.4).
The width, duration and power of the energy deposition are kept unaltered through-
out this study and are comparable to previous studies of localised forced ignition
(Chakraborty and Mastorakos, 2006, 2008; Chakraborty et al., 2007; Neophytou et al.,
2010; Patel and Chakraborty, 2015, 2016a; Turquand d’Auzay et al., 2019; Wandel,
2014), with Rsp/δz = 1.5, bsp = 0.2 and asp = 3.5, which ensures that ignition occurs
across all cases investigated. The ignitor centre is positioned at the centre of the do-
main and always at the stoichiometric mixture fraction value in the mixture fraction
space.
The flame-turbulence interaction takes place under decaying isotropic homogeneous
turbulence. A well-known pseudo-spectral method (Rogallo, 1981) is used to initialise
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the turbulent velocity fluctuations with prescribed root-mean-square (rms) values (u′)
and integral length scale (lt) obeying the Batchelor-Townsend spectrum (Batchelor
and Townsend, 1949). The initial integral length scale remains constant throughout the
study at lt/δz = 7.25 and its value is comparable with previous computational studies
of localised ignition (Chakraborty and Mastorakos, 2006, 2008; Chakraborty et al.,
2007; Neophytou et al., 2010; Patel and Chakraborty, 2015, 2016a; Turquand d’Auzay
et al., 2019; Wandel, 2014). The different initial values of the normalised turbulent
velocity u′/s0l are listed in Table 2 alongside the ratio of initial eddy turnover time
te = lt/u
′ and energy deposition duration tsp. The ratio u′/s
0,ψ
l where s
0,ψ
l is the
unstrained laminar flame speed of the stoichiometric CH4/CO2/air mixture with a
dilution parameter of ψ is also shown in Table 2. As can be seen from Table 2, when
ψ increases, u′/s0,ψl also rises, up to u
′/s0,ψl ≈ 25 for ψ = 0.2 which represent a
very large value. Furthermore, the energy required to ignite a mixture increases with
the turbulence intensity, slowly for small turbulence intensities (u′/s0l 6 10 for a
pure methane/air mixture under the current turbulent conditions) and rapidly for
larger values of the turbulence intensity (Turquand d’Auzay et al., 2019). Thus, it is
expected that for the given set of spark parameters, the propagation success rate will
be unfavourably affected by an increase in dilution. Accordingly, achieving a state of
self-sustained propagation will be more difficult for larger values of ψ.
The simulations have been carried out until at least t = 10tsp, and up to t = 20tsp
for some cases where it was not clear by t = 10tsp whether self-sustained combustion
was obtained or not. This also remains comparable to what has been used in previous
analyses (Chakraborty and Mastorakos, 2006, 2008; Chakraborty et al., 2007; Neo-
phytou et al., 2010; Patel and Chakraborty, 2015, 2016a; Turquand d’Auzay et al.,
2019; Wandel, 2014).
4. Results
4.1. Outcome of the energy deposition
For all the simulations listed in Table 2, propagation success is recorded by evaluating
whether the burned gas volume increases at both t/tsp = t
+ = 10 and/or t+ = 20,
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ψ ξst YCH4∞ u′/s0l
(
u′/s0,ψl
)
δθ/δz χmax/χext te/tsp Name
0.000 0.055 1.000
0.0(0.0)
5.0 0.114 − D00u00d05
10.0 0.029 − D00u00d10
15.0 0.013 − D00u00d15
4.0(4.0)
5.0 0.114 9.05 D00u04d05
10.0 0.029 9.05 D00u04d10
15.0 0.013 9.05 D00u04d15
8.0(8.0)
5.0 0.114 4.52 D00u08d05
10.0 0.029 4.52 D00u08d10
15.0 0.013 4.52 D00u08d15
0.025 0.092 0.574
0.0(0.0)
5.0 0.165 − D025u00d05
10.0 0.041 − D025u00d10
15.0 0.018 − D025u00d15
4.0(4.5)
5.0 0.165 9.05 D025u04d05
10.0 0.041 9.05 D025u04d10
15.0 0.018 9.05 D025u04d15
8.0(9.0)
5.0 0.165 4.52 D025u08d05
10.0 0.041 4.52 D025u08d10
15.0 0.018 4.52 D025u08d15
0.050 0.128 0.396
0.0(0.0)
5.0 0.226 − D05u00d05
10.0 0.056 − D05u00d10
15.0 0.025 − D05u00d15
4.0(5.1)
5.0 0.226 9.05 D05u04d05
10.0 0.056 9.05 D05u04d10
15.0 0.025 9.05 D05u04d15
8.0(10.2)
5.0 0.226 4.52 D05u08d05
10.0 0.056 4.52 D05u08d10
15.0 0.025 4.52 D05u08d15
0.200 0.324 0.121
0.0(0.0)
5.0 1.504 − D20u00d05
10.0 0.376 − D20u00d10
15.0 0.167 − D20u00d15
4.0(12.3)
5.0 1.504 9.05 D20u04d05
10.0 0.376 9.05 D20u04d10
15.0 0.167 9.05 D20u04d15
8.0(24.6)
5.0 1.504 4.52 D20u08d05
10.0 0.376 4.52 D20u08d10
15.0 0.167 4.52 D20u08d15
Table 2. List of parameters for the DNS database and corresponding name of the investigated cases, where
χmax is the maximum value of the scalar dissipation rate at t/tsp = 0, χext = ξ2st(1 − ξst)2(s0,ψl )2/α0 is the
extinction scalar dissipation rate as given by Peters (2000) and α0 is the reactants thermal diffusivity - The
names are chosen such that D00, D025, D05 and D20 refer to ψ = 0.0, 0.025, 0.05 and 0.2 respectively; u00,
u04 and u08 to u′/s0l = 0.0, 4.0 and 8.0 respectively; and d05, d10 and d15 to δθ/δz = 5, 10 and 15 respectively
- D05u04d05 thus denotes the case with ψ = 0.05, u′/s0l = 4.0 and δθ/δz = 5
and the results are summarised on Fig. 3a. Note that the burned gas volume is defined
here by the volume contained within the iso-surface c = 0.9, but using an alternative
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definition based on the temperature leads to identical conclusions. It should be noted
that this way of representing the results is open to interpretation in some contentious
cases where the trend is not entirely clear, e.g. D00u08d10. In this case, the propagation
was deemed successful at t+ = 10 even though after an initial increase of the burned
gas volume driven by the energy deposition, a diminution occurred at t+ ≈ 5 (see
Fig. 4), after which the kernel is able to roughly maintain its volume with even a small
increase from t+ ≈ 9 to t+ ≈ 13. This is further supported by the fact that within
the same time interval (9 6 t+ 6 13), the maximum temperature increases indicating
that the kernel is not being quenched just yet. Finally, for t+ > 15, the burned gas
volume continuously decreases leading to the conclusion that the propagation is failed
at t+ = 20.
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Figure 3. Outcome of the ignition for the different cases of the DNS dataset - (Green circle) indicates a kernel
propagating at t+ = 20, (Orange diamond) indicates a kernel propagating at t+ = 10 but not at t+ = 20 and
(Red square) indicates a quenched flame kernel before t+ = 10
The first remark is related to the effect of the turbulence intensity, as no kernel
keeps growing past t+ = 10 for an initial value of u′/s0l = 8.0 except for the cases
D00u08d10 and D00u08d15 (i.e. the undiluted cases with the lowest χ/χext initial
value). This indicates that the turbulence intensity is one of the key parameters gov-
erning the propagation success and this is consistent with earlier numerical and exper-
iment findings (Ahmed and Mastorakos, 2006, 2010, 2016; Ballal and Lefebvre, 1975,
1979, 1981; Birch et al., 1981; Chakraborty and Mastorakos, 2008; Chakraborty et al.,
2007; Neophytou et al., 2010; Patel and Chakraborty, 2015, 2016a; Turquand d’Auzay
et al., 2019; Wandel, 2014).
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The second remark is related to the fact that a thin initial mixing layer (or a large
initial value of χ/χext) is detrimental to the propagation success, as indicated by the
failure of more than half the kernels to exhibit self-sustained flame propagation past
t+ = 10 for δθ/δz = 5 and moderate values of ψ. This is explained by both the
smaller amount of mixture with an equivalence ratio within the flammability range
(0.5 6 φ 6 1.55 for CH4) initially present in the domain, and by the larger initial
scalar gradients which govern the initial scalar dissipation rate (SDR). It has previ-
ously been shown that high values of the scalar dissipation rate are detrimental to
the success of the ignition and subsequent flame propagation (Chakraborty and Mas-
torakos, 2008; Richardson and Mastorakos, 2007), thus a larger initial value of the
scalar dissipation rate negatively affects the propagation success. For a small initial
thickness (δθ/δz = 5), the initial value of the scalar dissipation rate becomes very
high as shown in Table 2, where values above the extinction limit are found, and the
amount of flammable mixture within the energy deposition region is small, resulting
in a very unlikely propagation success as can be observed in Fig. 3a. However, as δθ/δz
increases, the initial value of the scalar dissipation rate decreases and the amount of
flammable mixture increases thus increasing the likelihood of propagation success for a
similar energy deposition. Thus, for moderate values of ψ, there exists a certain initial
thickness after which any further increase will not lead to any significant change in
the propagation success statistics, which is here the case past δθ/δz ≈ 10.
Finally, it can be seen that the dilution percentage does not significantly affect
the outcome of the forced ignition for low values (ψ 6 0.05), as the pattern visible
on Fig. 3a for ψ = 0.0 is relatively similar to those of ψ = 0.025 and ψ = 0.05
respectively. The only notable difference is the duration after which the kernel stops
propagating, which is greater with ψ = 0.0. However, as the dilution percentage reaches
large values (ψ = 0.2), no self-sustained propagation was found for t+ > 10, even for
the laminar case, indicating that none of the kernels reached their respective critical
radius sufficient for self-sustained combustion. Indeed, as ψ increases, the heat release
rate drops, and for a given value of u′, the normalised turbulence intensity (u′/s0,ψl )
increases significantly, making it more and more difficult to ignite the mixture and to
reach a self-sustained burning state.
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To reduce the sample space, only the simulations on the plane δθ/δz = 10 will be
used throughout the remainder of this paper. These are summarised on Fig. 3b where
it can be seen that the effects of both turbulence intensity and dilution mentioned
earlier are present and will be investigated further in the next sub-sections.
4.2. Temporal evolution
To understand the effects of both the turbulence intensity and the biogas compo-
sition on the overall ignition performance in detail, the temporal evolutions of the
maximum non-dimensional temperature Tmax (where T = (Tˆ − T0)/(T 0ad − T0) is the
non-dimensional temperature) and the volume defined by c > 0.9 normalised by the
energy deposition volume Vsp = (4/3)piR
3
sp are shown in Fig. 4 for all the cases with
δθ/δz = 10.
The behaviour observed here matches previous numerical results (Baum and
Poinsot, 1995; Chakraborty et al., 2007; Patel and Chakraborty, 2015, 2016a), with
the maximum temperature value increasing continuously during the energy deposi-
tion time. At t+ ≈ 0.5, a thermal runaway is observed for all values of u′/s0l and ψ,
and the temperature rises very quickly above the adiabatic value of the stoichiometric
methane/air mixture (T = 1), indicating that the ignition is successful. As energy
keeps being added, the maximum temperature increases monotonically until t+ = 1,
where it reaches its peak value. This peak value is affected by the turbulence inten-
sity, but less than expected from previous studies (Chakraborty et al., 2007), and this
can be explained by the large value of te/tsp (see Table 2) that does not leave time
for turbulence to significantly disrupt the energy deposition. Furthermore, the peak
temperature is reduced as the dilution parameter increases indicating a reduction of
the overall heat release rate and the heat sink action of the added CO2. This is further
confirmed by the non-zero value of Vc>0.9 at t+ = 1, indicating that reactants have
already been converted to products. At t+ > 1, the large thermal gradient created by
the energy deposition induces a high energy transfer rate towards the surroundings
reactants leading to a rapid decrease of the maximum temperature with time. Under
turbulent conditions, this diffusion is augmented by the turbulent transport, as indi-
cated by the faster decrease of temperature for u′/s0l = 4 and u
′/s0l = 8 compared to
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Figure 4. Temporal evolution of (left) Tmax and (right) Vc>0.9/Vsp at different initial values of u′/s0l and
dilution parameter ψ - The vertical black dashed line indicates the end of the energy deposition at t+ = 1
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u′/s0l = 0. For the cases with successful propagation, the temperature then stabilises
at later stages to a value close to the respective adiabatic stoichiometric flame tem-
perature of each mixtures (Tψad) indicating a self-sustained propagation of the flame
kernel. This final temperature decreases with increasing turbulence intensity (u′/s0l )
and increasing dilution parameter (ψ), which is consistent with experimental results
of biogas ignition (Biet et al., 2014; Forsich et al., 2004; Galmiche et al., 2011). In the
other cases, the temperature decreases quickly due to the large turbulent transport to
a value which is too low to sustain combustion, and the kernel eventually quenches.
The temporal evolution of the volume of burned gas remains qualitatively consis-
tent with previous numerical results (Baum and Poinsot, 1995; Chakraborty et al.,
2007; Patel and Chakraborty, 2015, 2016a) as it decreases monotonically with in-
creasing turbulence intensity. The physics behind this behaviour are explained that
for a given value of lt/δz, the eddy diffusivity scales with u
′/s0l , which increases the
turbulent transport. The competition between thermal diffusion and chemical heat
release eventually determines the kernel growth rate. As the present work considers
decaying turbulence, the turbulence fluctuation level and the turbulent heat transfer
rate decrease temporally, which is reflected in the increased rate of burning at later
stages. Consistent with the decrease of the flame speed with increasing dilution pa-
rameter across all equivalence ratios (see. Fig. 2), for a given value of u′, the volume
of burned gas decreases monotonically with increasing dilution. For low values of ψ
(i.e. ψ 6 0.05), the difference with the undiluted mixture only becomes visible rela-
tively long after the end of the energy deposition (t+ ≈ 4). However, when the CO2
content is very large (ψ = 0.2), the effect becomes visible much more rapidly after
the end of the energy deposition, with a burned gas volume in the laminar case being
already very small at t+ = 1.5 for the case D20u00d10. This leads to the quenching
of the flame in some cases, which is indicated by the burned gas volume decreasing to
zero (e.g cases D025u08d10 and D05u08d10 and all cases with ψ = 0.2).
The observations from Fig. 4 thus indicate that both the turbulence intensity and the
biogas composition have a strong influence on the possibility of successful self-sustained
combustion and on the evolution of the flame kernel initiated by the localised ignition.
Within the range of parameters considered, turbulence seems to have a stronger effect
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on the overall success of the ignition, whilst the composition significantly changes the
kernel behaviour and in particular its growth rate. An increase in the amount of CO2
changes the burning velocity and the heat release per unit flame surface area. An
increase in u′/s0l does not only increase the flame surface area but also increases the
turbulent diffusivity. Thus, both u′/s0l and the CO2 dilution affect the total heat release
(determined by the combined effects of flame surface area and consumption rate of
reactants per unit surface area) and heat transfer rate from the hot gas kernel. Overall,
the competition between these two phenomena controls the flame kernel evolution.
In the subsequent sections, only the cases with ψ 6 0.05 will be used for the post-
processing. Indeed, with ψ = 0.2, the small sizes of the kernels and the early times at
which they quenched strongly limited the number of samples available and prevented
the computation of the different statistical quantities. However, all conclusions drawn
relative to the CO2 dilution hold for larger values of ψ, as an increase in dilution would
only increase their relative importance.
4.3. Flame-turbulence interaction
The temporal evolution of the dimensionless temperature (T ), normalised fuel mass
fraction (Y +CH4 = YCH4/(2ξstYCH4∞)) and normalised fuel reaction rate (ω˙
+
CH4
=
ω˙CH4/max(|ω˙CH4 |)) contours at three different time instants in the xy plane at
z+ = (z − L/2)/δz = 0 are shown in Figs. 5 and 6 for the laminar cases D00u00d10
and D05u00d10 respectively.
First of all, it is important to note that for t+ 6 1.0, the region of high temperature
(energy deposition region) remains perfectly spherical for both cases, which is due
to the isotherms propagation being principally driven by thermal diffusion. At later
times, when chemical reactions become significant, the propagation of isotherms is
governed by the local displacement speed, which depends strongly on the local equiv-
alence ratio and molecular diffusion characteristics. As time progresses, the initially
spherical kernel changes shape but retains axial symmetry as it assumes an oval shape
that becomes elongated with time. This is explained by the propagation rate of the
isotherms towards the rich and lean mixtures being smaller than around the stoi-
chiometric line, as expected from the flame speed profile shown in Fig. 1. This shape
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Figure 5. Contours of (top) normalised CH4 mass fraction (Y
+
CH4
= YCH4/(2ξstYCH4∞)), (centre) dimen-
sionless temperature (T ) and (bottom) normalised fuel reaction rate (ω˙+CH4 = ω˙CH4/max(|ω˙CH4 |)) at from
(left) to (right) t+ = 0.9, 7.0, 17.5 in the xy plane at z+ = 0 for case D00u00d10 - The stoichiometric mixture
fraction location is shown by white dashed-dotted line
change is not affected by the flammable mixture composition, although the kernel
growth becomes slower with the addition of CO2 (e.g. case D05u00d10), which is also
consistent with the laminar flame speed predictions (see Fig. 2) and the findings of
the previous subsection.
For the undiluted methane mixture, the stoichiometric mixture fraction iso-surface is
initially flat and remains roughly so temporally, although, similarly to previous studies
on inhomogeneous mixture ignition (Chakraborty et al., 2007), a slight bulge becomes
visible towards lean mixtures. This effect is caused by the difference in heat release and
gas expansion between the rich and lean sides of the flame. However, this bulge appears
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Figure 6. Same as Fig. 5 for case D05u00d10
significantly smaller than previously reported (Chakraborty et al., 2007), which is due
to the large difference of the flame speed in rich mixtures between the current work
and the previous studies. Indeed, the expansion of hot gases between the lean and
rich sides are much more balanced in the present thermo-chemistry than they would
be when using a single-step chemical mechanism (e.g. in Chakraborty et al. (2007))
in which the burning velocity increases monotonically with the equivalence ratio. It is
also worth noting that the size of the bulge decreases with the dilution percentage, as
can be seen when comparing Fig. 5 with Fig. 6 where the bulge is almost invisible.
From the onset of chemical reactions to the end of the simulation, an edge flame
structure at the stoichiometric mixture fraction iso-surface becomes visible with the
formation of a triple flame. The fuel reaction rate magnitude appears larger around
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the stoichiometric mixture fraction isoline than towards the lean and rich sides. The
peak reaction rate magnitude is observed for slightly rich mixtures, while two pre-
mixed flames can be seen on the lean and rich sides respectively and a diffusion flame is
present on the stoichiometric iso-surface. At early times, the flame thicknesses are very
similar on both sides indicating relatively similar flame speeds, while at later times,
the fuel reaction rate magnitude assumes large values on the rich side of the flame.
This is found to be consistent with previous numerical findings based on single-step
(Chakraborty and Mastorakos, 2008; Chakraborty et al., 2007) and detailed (Hilbert
and Thevenin, 2002; Ray et al., 2001) chemistry. At late times, the lean premixed
flame starts to extinguish along the symmetry axis due to the very low local equiva-
lence ratio. Finally, the temperature contours follow trends consistent with previous
findings (Chakraborty et al., 2007) and the present thermo-chemistry, with the highest
temperature found for slightly rich mixtures (φ ≈ 1.1). The temperature gradient is
also larger on the rich side than on the lean one due to the differences in flame speed
and reaction rate.
Similar qualitative observations can be made for the case D05u00d10 (Fig. 6), al-
though some differences are worth mentioning. The temperature values reached with
increasing dilution are consistently lower, and the flame is slower than in the undiluted
case. Both observations are consistent with previous findings (temporal evolution and
thermo-chemistry), but also with experimental results (Biet et al., 2014; Forsich et al.,
2004; Galmiche et al., 2011). Following the temporal evolution presented in Fig. 4, it
can be seen here that relatively low levels of dilution do not significantly affect the
kernel in the early stages of development, up to t+ ≈ 3, but do so later on. This is
illustrated by comparing Fig. 5 and Fig. 6 at t+ = 0.9 where the kernels are almost
identical in terms of structure and volumes. At later times (t+ = 7), however, differ-
ences in volume arise although the structures remain comparable, which agrees with
the conclusions of Vasavan et al. (2018).
Figure 7 shows qualitatively similar results for the turbulent case D00u04d10. The
kernel shape deviates increasingly from the initial sphere due to local turbulent motion
that wrinkles the flame front, although it is not strong enough to significantly alter
the temperature distribution at early times (t+ ≈ 1). Following the local velocity
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Figure 7. Same as Fig. 5 for case D00u04d10
field, the mixture composition varies considerably and the mixture fraction gradients
can locally exhibit larger magnitudes in comparison to the corresponding laminar case,
i.e. the scalar dissipation rate locally increases. Thus, the flame front locally encounters
mixtures that are either too rich or too lean to burn and locally stops propagating.
The maximum value of temperature also decreases due to the enhanced heat transfer
due to the turbulent motion, although it is still found near the stoichiometric mixture
fraction. Furthermore, the thickening of the lean flame branch may lead to it merging
with the diffusion flame found on the stoichiometric iso-surface. As the flames studied
here are nominally in the thickened flame regime, the flame front may exhibit instances
of local thickening due to the penetration of energetic eddies into the preheat zone.
The effects of CO2 dilution are highlighted in Fig. 8 where the non-dimensional
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Figure 8. Same as Fig. 5 for case D05u04d10
temperature (T ), fuel mass fraction (Y +CH4) and reaction rate (ω˙
+
CH4
) are shown for
the case D05u04d10. The behaviour observed for this case qualitatively matches with
those of the case without dilution (D00u04d10), although some differences remain,
e.g. the kernel growth is slower and the temperature values smaller when the fuel is
diluted with CO2.
4.4. Flame structure
The flame structure can be understood in greater detail by looking at the distribution
of the flame index parameter introduced by Yamashita et al. (1996) and modified by
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Briones et al. (2006). The modified flame index is thus defined as (Briones et al., 2006),
FI =
1
2
ξ − ξst
|ξ − ξst|
(
1 +
∇YCH4 · ∇YO2
|∇YCH4 | · |∇YO2 |
)
. (14)
The modified flame index assumes values between −1 and +1, where −1 denotes a
lean premixed flame, +1 a rich premixed flame and 0 a diffusion flame. In the absence
of any fuel or oxidiser mass fraction gradients, the modified flame index value is ±0.5
depending on the local mixture fraction value.
The variation of the modified flame index along the x-axis through the ignitor centre
is shown in Fig. 9 for undiluted (ψ = 0) laminar and u′/s0l = 4 cases (i.e. D00u00d10
and D00u04d10 respectively). For the laminar case (Fig. 9a), a rich premixed flame
(FI = +1) can be seen moving towards negative x+ = (x− L/2) /δz as time progresses
while a lean premixed flame (FI = −1) propagates towards the positive x+. This is
consistent with the flame structure observed with the reaction rate contours in Fig. 5.
The diffusion front visible at the right of the lean premixed flame (x+ > 5) is due to the
initial mixture fraction distribution where ∇YCH4 and ∇YO2 are pointing in opposite
directions, thus leading to FI = 0. Between the rich and lean premixed branches,
i.e. −3 6 x+ 6 0, a diffusion flame is found stabilised on the stoichiometric mixture
fraction iso-surface. A similar behaviour is observed for the case D00u04d10, although
the flame front movement due to the turbulent motion slightly changes the extent
of the lean premixed and diffusion flames. Note that qualitatively similar behaviours
have been obtained for the cases with ψ = 0.025 and ψ = 0.05 respectively, indicating
that the mixture composition does not significantly affect the flame structure.
The main difference lies in the size of the aforementioned stoichiometric mixture
fraction iso-line bulge. To investigate this effect, it is instructive to look at the distri-
bution of the modified flame index along the y-axis through the ignitor centre (x+ = 0)
and slightly off-centre at x+ = ±1.6. Its variations are shown for two time instants in
Fig. 10 for cases D00u00d10 and D05u00d10. In the case of ψ = 0 (Fig. 10a), the two
flame fronts propagating outwards along x+ = −1.6 and +1.6 remain fuel-rich and
fuel-lean respectively at both t+ = 1.75 and 13.1. However, along x+ = 0, the flame
fronts are initially both fuel-lean (FI = −1 at t+ = 1.75), while both rich and lean
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Figure 9. Distribution of the modified flame index along the x-axis (x+ = (x− L/2) /δz) through the ignitor
centre at different time instants for the cases D00u00d10 and D00u04d10
premixed flames are found at later times with a change occurring at about y+ ≈ 10.
This indicates that the stoichiometric mixture fraction iso-surface has moved towards
the positive x+ values, which is consistent with the findings presented in the previous
subsections. When the dilution percentage increases (Fig. 10b), this switch between
the lean and rich flame does not occur, and both flame fronts found along x+ = 0
remain lean. This is caused by the decrease in flame speed observed when the value
of ψ increases. This in turns leads to a smaller heat release rate (HRR) and thus to
a weaker gas expansion, and a reduced bulge is thus observed for the stoichiometric
mixture fraction iso-surface.
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Figure 10. Distribution of the modified flame index along the y-axis (y+ = (y− L/2) /δz) at ( ) x+ =
−1.6, ( ) x+ = 0 and ( ) x+ = 1.6 at (no symbol) t+ = 1.75 and (symbols) t+ = 13.1
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4.5. Reaction zone statistics
An understanding of the effects of turbulence intensity and biogas composition on the
net chemical HRR and flame propagation statistics is necessary to understand the
flame structure obtained following the energy deposition.
Fig. 11 presents the scatter of the net normalised HRR with mixture fraction within
the reacting zone (T > 0.05). The large scatter (also indicated by the large standard
deviation of the HRR) observed is due to the considerable variation of the temperature
value on a given mixture fraction iso-surface. The maximum HRR is found for slightly
rich mixtures with 1.0 6 ξ/ξst 6 1.15, and this observation holds for all turbulence
intensities. This is consistent with the fact that the flame speed does not significantly
vary within this range of equivalence ratios (see Fig. 1). The burning occurring at very
lean conditions in the laminar case can be seen with the slight bump at ξ/ξst ≈ 0.6
in the scatter plot, while it becomes less visible and shifts towards richer mixtures
(e.g. ξ/ξst ≈ 0.7) when the turbulence intensity increases. It can also be seen that
a large contribution from the products is included in these plots, with the very low
values of HRR corresponding to the centre of the kernel in which only equilibrium
reactions are taking place.
(a) u′/s0l = 0 (b) u
′/s0l = 8
Figure 11. Scatter plot of normalised HRR (ω˙T × δz/ρ0s0lCpT0) with mixture fraction (ξ) and conditional
mean of the normalised HRR with the mixture fraction (〈ω˙T |ξ〉 × δz/ρ0s0lCpT0) and its standard deviation
((〈ω˙T |ξ〉 ± σ(〈ω˙T |ξ〉)) × δz/ρ0s0lCpT0) for two turbulence intensity values (u′/s0l ) and ψ = 0 at t+ = 8.75 in
the reacting region (T > 0.05) - Note that the number of samples has been divided by 5 for clarity for u′/s0l = 8
The variation of the normalised HRR conditionally-averaged on a given mixture
fraction value (〈ω˙T |ξ〉 × δz/ρ0s0lCpT0) is presented in Fig. 12 for different turbulence
intensities and mixture compositions at three time instants. It can be seen from Fig. 12
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that irrespective of the values of ψ and u′/s0l , the HRR values decrease in time, as
the effects of the energy deposition (large temperature values) decay. The profiles
stabilise at t+ ≈ 9, at which point only minor changes are observed, except when
the flame kernel quenches, in which case the HRR decreases to 0. Furthermore, at all
stages of flame propagation, the maximum HRR is found towards the rich mixtures
corresponding to ξ/ξst ≈ 1.15, which contributes to the highest flame speed in slightly
rich mixtures. At early times, a small dip can be observed ξ/ξst ≈ 1 for all values
of ψ indicating the presence of the diffusion flame. The mixture fraction range found
within the flame front narrows down as u′/s0l value increases, but remains relatively
unchanged as time progresses, with HRR happening between 0.6 6 ξ/ξst 6 1.4 for
laminar conditions and 0.7 6 ξ/ξst 6 1.3 for the turbulent cases. This indicates that
the additional heat losses due to turbulence prevent the flame from burning in both
very lean and very rich conditions. This is also shown by the range over which HRR
occurs which shrinks as the dilution parameter increases. This effect further explains
the occurrence of slower and cooler flames found for CH4 mixtures diluted with CO2.
Additionally, the mean HRR at a given mixture fraction value decreases as the dilution
increases, which is consistent with the decreasing trend of flame speed with the addition
of CO2.
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Figure 12. Conditional mean of HRR with mixture fraction (〈ω˙T |ξ〉 × δz/ρ0s0lCpT0) as a function of the
turbulence intensity (u′/s0l ) and the dilution parameter (ψ) at different times in the reacting region (T > 0.05)
As the flame kernel develops using both premixed and non-premixed combustion
modes, the variation of the normalised HRR with the reaction progress variable (c)
is an important aspect to considerer, and as such is shown in Fig. 13 for different
turbulence intensities, mixture compositions at three time instants. It is clear from
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Fig. 13 that the maximum HRR is obtained for a value of the progress variable of
c ≈ 0.85, which is comparable to HRR profiles of fully premixed flame in the context
of single-step chemistry (Chakraborty et al., 2007). Similarly to the mixture fraction,
but not shown here for the sake of brevity, there is a large scatter of the HRR for a given
value of the reaction progress variable. This is caused by the large range of equivalence
ratios and temperatures found on a given c iso-surface. The main findings from Fig. 13
are similar to those of Fig. 12, with a decrease of HRR as time progresses and dilution
increases. However, it is worth noting that the distribution of the HRR does not change
significantly as the turbulence intensity increases, with the main difference being that
its peak happens for slightly larger values of the progress variable.
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Figure 13. Conditional HRR with progress variable (〈ω˙T |c〉 × δz/ρ0s0lCpT0) as a function of the turbulence
intensity (u′/s0l ) and the dilution parameter (ψ) at different times
In addition to the variation of the equivalence ratio, the mixture fraction gradient,
characterised by the scalar dissipation rate (χ) can significantly affect the reaction zone
structure and the rate of flame propagation on the stoichiometric mixture fraction
iso-surface (Chakraborty and Mastorakos, 2006, 2008). The variation of the HRR
with the scalar dissipation rate is not shown here for the sake of brevity, but it has
been found to be qualitatively consistent with previous findings (Chakraborty and
Mastorakos, 2006, 2008; Chakraborty et al., 2007). The presence of two correlation
branches between the HRR and the normalised density-weighted scalar dissipation
rate χ∗/χext (where χ∗ = ρχ/ρ0 - with ρ0 being the unburned gas density - is used to
minimize the effect of diffusivity change due to heat release) has also been observed
(Chakraborty and Mastorakos, 2006; Chakraborty et al., 2007; Yoo and Im, 2005).
The first branch features a positive correlation for small values of χ∗/χext whilst the
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second shows a negative correlation for larger values. Additionally, for a given value
of χ∗/χext, the HRR decreases as the amount of CO2 in the mixture increases.
The profiles of the normalised density-weighted scalar dissipation rate across the
mixing layer for different turbulence intensities and dilution parameters at different
times are shown in Figs. 14a and 14b. It can be seen in Figs. 14a and 14b that
〈χ∗|ξ〉 reaches its maximum at ξ = ξst, which is consistent with previous findings
(Chakraborty and Mastorakos, 2008; Markides and Chakraborty, 2013). This be-
haviour is found to be mostly insensitive to the turbulence intensity variations, and
the maximum value is always reached near the stoichiometric mixture fraction. It
is evident that the biogas composition has a significant impact on the normalised
density-weighted conditional scalar dissipation rate as the profiles, although quali-
tatively similar for different values of ψ and u′/s0l , are quantitatively different. The
maximum value of the normalised conditional scalar dissipation rate increases consid-
erably as ψ increases, from 〈χ∗|ξ〉/χext ≈ 0.025 at ψ = 0.0 to 〈χ∗|ξ〉/χext ≈ 0.055
at ψ = 0.05. It should also be noted that the magnitude of 〈χ∗|ξ〉 increases by al-
most an order of magnitude between the respective laminar and turbulent cases, from
〈χ∗|ξ = ξst〉/χext ≈ 0.02 for u′/s0l to 〈χ∗|ξ = ξst〉/χext ≈ 0.2 for u′/s0l = 8 and ψ = 0.0,
although the initial profiles are similar to that of the laminar cases. For moderate val-
ues of the dilution, the normalised conditional scalar dissipation rate values reached
during the ignition process are already significant with 〈χ∗|ξ〉/χext ≈ 0.5 for ψ = 0.05
and t+ = 3.5, and these would be even greater for a larger CO2 content, which lowers
the success rate of the ignition/propagation.
The peak value of 〈χ∗|ξ〉 decreases monotonically with time in the laminar cases
under the action of the molecular dissipation rate and in the absence of any significant
production mechanism as a result of zero mean shear rate (Vedula et al., 2004). In
the turbulent cases, 〈χ∗|ξ〉 starts by increasing due to the turbulence straining be-
fore decaying as a result of mixing and reduced scalar gradient production under the
action of decreasing straining rate with decaying turbulence. This is in good quali-
tative agreement with previous findings by Chakraborty et al. (2007) and Markides
and Chakraborty (2013) where this behaviour was explained in terms of the transport
equation of the conditional mean 〈χ|ξ〉. The temporal evolution of 〈χ∗|ξ〉/χext can be
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seen further from Fig. 14c which shows the temporal evolution of the normalised mean
conditional scalar dissipation on the stoichiometric iso-surface (〈χ∗|ξ = ξst〉/χext) for
the different cases. A moderate increase in dilution has a drastic effect on the tur-
bulent cases, where the scalar dissipation rate peak value of 〈χ∗|ξ = ξst〉/χext almost
doubles between ψ = 0 and ψ = 0.05 at u′/s0l = 8, almost reaching the extinction
limit (〈χ∗|ξ = ξst/χext〉 ≈ 0.8). It is worth noting that the curves shown here are con-
ditional means, and as a large level of scatter is observed for u′/s0l = 8 (see Fig. 11b),
a large percentage of the edge flame can be expected to be found in regions where
〈χ∗|ξ = ξst〉 > 1.0 and thus local extinction could be observed. Furthermore, as the
HRR is negatively affected by large values of χ∗, the flame front propagation is ex-
pected to be adversely affected by the increasing level of turbulence and dilution,
and the probability of obtaining a self-sustained propagating kernel would decrease
dramatically. This has further implications on the edge flame propagation on the sto-
ichiometric mixture fraction iso-surface.
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(c) Temporal evolution of 〈χ∗|ξ = ξst〉/χext
Figure 14. Conditional normalised mean density-weighted scalar dissipation rate with mixture fraction
(〈χ∗|ξ〉/χext) as a function of the the turbulence intensity (u′/s0l ) and the dilution parameter (ψ) at different
times, and temporal evolution of its value along the stoichiometric iso-surface (〈χ∗|ξ = ξst〉/χext)
31
Figures 9 and 10 indicate that the edge flame behaviour is evident along the stoi-
chiometric mixture fraction (i.e. ξ/ξst = 1) iso-surface at all stages of the flame kernel
evolution following successful ignition. Hence, it is instructive to analyse the effects
of dilution and turbulence intensity on the edge flame propagation behaviour, which
has been analysed here in terms of the edge flame displacement speed. The edge flame
displacement speed for a given fuel mass fraction iso-surface is given by (Chakraborty
and Mastorakos, 2006; Im and Chen, 1999, 2001; Pantano, 2004),
sd = − 1
ρ|∇YCH4 |
(
ω˙CH4 +
∂
∂xi
(
ρD
∂
∂xi
YCH4
))
. (15)
Note that a positive value of sd indicates a propagation of the fuel mass fraction
iso-surface towards the reactants, while a negative value indicates a movement of the
iso-surface in the opposite direction along the local vector normal to the flame front. To
minimize the thermal expansion effects, a density-weighted edge flame displacement
speed can also be defined as : s∗d = ρsd/ρ0. Following Ruetsch et al. (1995) and
accounting for the presence of CO2 in the mixture, the predicted theoretical laminar
edge flame speed can be expressed as se = s
0,ψ
l
√
ρ0/ρ
ψ
b , where ρ
ψ
b is the burned gas
density for the stoichiometric mixture with a dilution parameter value ψ. Considering
its density-weighted value, it yields s∗e = (ρ/ρ0)s
0,ψ
l
√
ρ0/ρ
ψ
b . Assuming ρ ∼ ρψb in the
flame front further leads to s∗e ∼ s0,ψl
√
ρψb /ρ0. By using the fact that ρ
ψ
b /ρ0 = 1/(1+τ
ψ)
in unity Lewis number adiabatic stoichiometric combustion (τψ = (Tψad−T0)/T0), one
obtains s∗e ∼ s0,ψl
√
1/(1 + τψ). In the present work, for the undiluted mixture, τ = 3
yields s∗e ∼ s0l
√
1/4 = s0l /2.
The Probability Density Functions (PDFs) of the normalised density-weighted edge
flame displacement speed are shown in Fig. 15 for the stoichiometric mixture frac-
tion and in the range 0.55 6 c 6 0.95 (this range of c has been chosen due to the
large chemical reaction rate occurring within) for different turbulence intensities and
mixture dilution at different time instants.
In the laminar case (Fig. 15a), the normalised edge flame displacement speed is
initially relatively high (s∗d/s
∗
e ≈ 2) which is due to the lasting effects of the initial
energy deposition, e.g. large values of temperature and reaction rate. The normalised
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Figure 15. Probability Density Function (PDF) of s∗d/s
∗
e as a function of the turbulence intensity (u
′/s0l ) and
the dilution parameter (ψ) at different times in the progress variable range 0.55 6 c 6 0.95 on the stoichiometric
mixture fraction iso-surface (i.e. ξ/ξst = 1)
edge flame displacement speed PDF shape appears very similar for all the values of
ψ used in this work, with comparable mean values of s∗d/s
∗
e. This suggests that the
actual edge flame displacement speed (s∗d) decreases as ψ increases, as both s
0,ψ
l and
τψ decrease, but s0,ψl does so faster than τ
ψ. The edge flame thus propagates faster
for small values of the dilution parameter, which is consistent with an increase of the
kernel growth rate as ψ decreases (see Fig. 4 and Figs. 5-6). As time progresses, the
mean normalised edge flame displacement speed decreases and converges towards its
theoretical value predicted by Ruetsch et al. (1995) with s∗d/s
∗
e ≈ 1 at t+ = 8.75.
However, the means values are slightly different and the curves do not collapse exactly
onto the theoretical value due to differences in kernel size, that is, the kernel becomes
smaller as ψ increases. The mean curvature is thus larger at a given time when ψ
increases and this tends to increase the heat transfer rate and thus brings temperature
down. This in turns reduces the edge flame displacement speed in the case of biogas/air
mixture compared to the undiluted one.
As the turbulence level increases, the values taken by s∗d/s
∗
e vary considerably, with
a large scatter at high values of u′/s0l , mainly caused by the variations of turbulent
straining, scalar dissipation rate and flame front curvature. As the turbulence inten-
sity becomes larger, there is a increasing probability of obtaining a negative value of
the normalised displacement speed for all values of ψ, and this probability increases
with time and the dilution parameter. This indicates that locally the flame front may
retreat in the direction opposite to the local normal vector on the mass fraction iso-
33
surface, which contributes to the reduced growth rate as the turbulence level increases.
It should be noted however, that for obtaining a successful propagation, the probabil-
ity of finding positive values of the normalised edge flame displacement speed needs to
be larger than the one of finding negative values (e.g. case D00u08d10 in Fig. 15a). In
the case of a misfire, the probability of having negative values of edge flame displace-
ment speed becomes larger than the probability of having positive values (e.g. cases
D025u08d10 and D05u08d10 in Fig. 15b).
A comparison between Fig. 4 and Fig. 15 reveals that the mean edge flame dis-
placement speed is high for the cases which show high values of Vc>0.9/Vsp. Thus, the
extent of edge flame propagation on the stoichiometric mixture fraction iso-surface
is high for the cases where the overall burning rate exhibit high values. Hence, the
faster edge flame propagation also contributes to the high overall burning rate in the
localised forced ignition of mixing layers, which is consistent with previous findings
(Chakraborty and Mastorakos, 2008; Chakraborty et al., 2007) but this effect weakens
with increasing CO2 dilution.
5. Conclusions
The large scale use of biogas (CH4/CO2/air) in engineering applications (e.g. auto-
motive engines and industrial gas turbines) requires a better understanding of its
uncertain combustion behaviour stemming from the interaction between the methane
and carbon-dioxide. Of particular interests are the onset of combustion and the result-
ing flame propagation/quenching. To this end, the localised forced ignition of unsteady
statistically planar biogas/air mixing layers in decaying turbulence for different ini-
tial values of turbulence intensity, biogas composition and mixture fraction gradient
has been analysed using three-dimensional Direct Numerical Simulations (DNS). The
energy deposition has been represented as a Gaussian power source in the energy equa-
tion, while a two-step mechanism capable of capturing the unstrained laminar flame
speed for different equivalence ratios and amounts of CO2 dilution has been used.
The ignition and propagation behaviours were found to be qualitatively similar to
what has been previously shown for CH4/air mixtures in terms of response to turbu-
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lence intensity, initial mixture fraction gradient, etc. Following ignition, the formation
of a triple flame structure was also observed. The addition of CO2 acts to reduce
the maximum temperature attained at the end of the deposition time and delay the
thermal runaway. After the energy deposition has ended, the biogas composition influ-
ences strongly the kernel growth rate, that is, an increase in dilution leads to a slower
growth rate of the flame kernel, which negatively affects the propagation success rate
and potentially leads to flame quenching.
The statistical behaviour of the normalised density-weighted scalar dissipation rate
(χ∗/χext) in terms of its temporal evolution and mixture fraction dependence was
found to be qualitatively similar to that of the localised forced ignition of undiluted
methane/air mixture. However, a moderate increase of the CO2 content was found to
increase the scalar dissipation rate significantly compared to the corresponding extinc-
tion value proposed by Peters (2000). This was found to be strongly correlated with
the possibility of reaching a state in which the combustion is self-sustained, as high
values of χ∗/χext are detrimental to the kernel growth. Furthermore, following success-
ful propagation, and irrespectively of the CO2 dilution, the edge flame displacement
speed converges towards its theoretical laminar value. However, for turbulent cases,
local negative values of the flame speed have been obtained at later times, and this
probability increased with increasing CO2 dilution. In all cases, an increment in CO2
level acts to decrease the edge flame displacement speed compared to undiluted mix-
tures, and leads to a decrease of both the extent of burning and the chances of obtaining
a self-sustained propagation after thermal runaway.
Although the thermo-chemistry used in this work has been validated against detailed
chemistry results, further analyses at higher values of turbulent Reynolds number in
the presence of detailed chemistry will be needed for a more comprehensive physical
understanding.
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